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The lower orders produced in high order harmonic generation can be efficiently temporally separated into
monochromatic pulses by propagation in a fluoride window while still preserving their femtosecond pulse
duration. We present calculations for MgF2, CaF2, and LiF windows for the third, fifth, and seventh harmonics
of 800 nm. We demonstrate the use of this simple and inexpensive technique in a femtosecond pump/probe
experiment using the fifth harmonic. c© 2008 Optical Society of America
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High order generation (HHG) has rapidly moved from
being an experiment in itself to being a tool for ultra-
fast science. Many groups are now using HHG, combined
with long wavelength (266-800 nm) pulses for femtosec-
ond spectroscopy on atoms [1] , molecules [2], and solids
[3]. The spectrum of odd harmonics produced by intense
femtosecond lasers in gas targets is typically divided into
a ”plateau” regime, where the harmonic yield is com-
parable from one harmonic to the next, and a ”cutoff”
regime, where the harmonic yield falls off rapidly with
photon energy. Neglected in this description are the first
few orders (3, 5, 7) which are usually much more intense
than the plateau harmonics. As demonstrated by Kosma
et. al. [4] these lower orders can serve as an ideal pump
pulse for many small molecules of intense theoretical in-
terest with their first absorption band in the VUV. They
also can serve as a compact table top source for angle
resolved photoemission spectroscopy (ARPES) [5]. Here
we demonstrate that by inserting a fluoride window into
the path of an HHG beamline, the low orders of an HHG
comb can be temporally separated and be used for fem-
tosecond pump probe experiments. We emphasize that
this method can be easily implemented on many existing
systems.

We performed calculations for MgF2, LiF, and CaF2.
Table 1 lists the index of refraction n, group delay (k′ =
ng/c), and second order dispersion term k′′ = d2k/dω2

for the 3rd, 5th, and 7th harmonics of the ubiquitous 800
nm Ti:Sapphire laser. The index of refraction data and
fits of LaPorte et. al. [6] were used for MgF2 and LiF.
Data of Daimon and Masumura [7] was used for CaF2.
The group velocity dispersion (GVD) of the window tem-
porally separates the harmonics. GVD also effects the
pulse length, as demonstrated for LiF by Sekikawa et.
al. [8]. For a chirped Gaussian input pulse with full width
at half maximum (FWHM) τ0, and initial chirp β, de-

scribed by

E(t) = E0 exp

[
−2 ln 2

(
t

τ

)2

+ iβt2

]
exp(iωt), (1)

the pulse length (FWHM) after propagating through a
window of thickness L is given by

τ(L) = τ0

[
(1 + 2k′′Lβ)2 +

(
4 ln(2)k′′L

τ2
0

)2
]1/2

. (2)

We present here results for MgF2. Figure 1 shows
the calculated output pulselength as function of window
thickness for several input pulses in the transform lim-
ited case (β = 0) and β = −3 × 1027 s2/rad, predicted
by the expression of Sekikawa et al [8] for a fundamental
driver intensity of 3 × 1014 W/cm2. For window thick-
nesses of a few hundred microns, the normal dispersion
of the group velocity temporally separates the 5th and
3rd harmonics by hundreds of femtoseconds, while the

ω/ω0 n k′ [fs/µm] k′′ [fs2/µm]
1 (800 nm) 1.375 4.60 0.023

MgF2 3 (267 nm) 1.398 4.85 0.092
5 (160 nm) 1.461 5.74 0.370

1 1.389 4.65 0.026
3 1.415 4.93 0.101LiF
5 1.484 5.83 0.339
7 1.705 11.32 3.78
1 1.430 4.79 0.032

CaF2 3 1.462 5.13 0.125
5 1.553 6.47 0.593

Table 1. Index of refraction, group delay, and group de-
lay dispersion, for the harmonics of 800 nm in Fluoride
windows. MgF2 results are for the ordinary index
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Fig. 1. Pulselength vs. propagation distance in MgF2

(ordinary index). Solid curves for chirped input pulses
with β = −3× 1027 rad/s2, dashed curves for transform
limited input pulses β = 0.

effect of GVD on the pulslength is minor for pulses of 20
fs or longer.

We implemented the temporal separation technique
with a thick (2.1 mm) MgF2 window on a high order
harmonics beamline to conduct a 162 nm pump, 810 nm
probe experiment on gas phase ethylene. High order har-
monics were generated by gently focusing (f = 4 m) 20
mJ, 35 fs laser pulses into a 5 cm long gas cell with laser
drilled pinholes, filled with 4 Torr of Xe. We estimate the
fundamental intensity at focus to be 3×1014 W/cm2. The
harmonic and fundamental beams were then allowed to
diverge for 3 m where they were incident on a pair of
superpolished Si Brewster angle beamsplitters [9] which
remove the fundamental and reflect the harmonics. With
the fundamental removed, the harmonic pulses are trans-
mitted through the 2.1 mm thick MgF2 window with
the c-axis oriented parallel to the propagation vector of
the beam. We use a turning mirror with a 2 mm hole
drilled 45 degrees to the surface normal to combine the
VUV beam with 80 fs 810 nm probe pulses derived from
the same laser system. The VUV pulses are transmitted
through the hole while the IR pulses are reflected with
the central portion of the beam missing. The now colin-
ear beams are both reflected by an R = 20 cm metallic
coated spherical concave mirror into an ethylene molec-
ular beam. Ions produced in the focal region are selected
by a 2 mm aperture and directed to a time of flight mass
spectrometer.

Figure 2 shows the C2H+
4 ion yield vs. pump/probe

delay and theory based on the values of table 1. We
found the IR/IR time zero by rotating the polarization of
the fundamental so that some NIR light passes through
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Fig. 2. Transient multiphoton ionization signals pro-
duced by the the cross correlation of the harmonic beam
after propagating through a 2.1 mm thick MgF2 window
and an 810 nm probe beam.

the SI beamsplitters. The positions of the transient mul-
tiphoton ionization signals agree well with theory. The
signal at the position of the fifth harmonic is much larger
than that at third due to the fifth harmonic being reso-
nant with the V state (ππ∗) state of ethylene.

Figure 3 shows higher resolution data around the time
delay of the fifth harmonic. The zero of the time axis
was determined by the multiphoton ionization of an Ar
target. The ion yields of C2H+

4 , C2H+
2 , and C2H+

3 (not
shown) peak at later time delays due to nuclear motion
and internal conversion in the molecule [4,10]. Note that
although the third harmonic at 267 is also incident on the
molecular target 1.7 ps earlier, since it is below the first
absorption band, it does not pump the system and has no
effect. This will be true for any ”solar blind” system. The
third harmonic would not be negligible, however, if it
were temporally coincident with the fifth harmonic, as it
would contribute strongly to the multiphoton ionization
signal.

Since the molecular dynamics time constants [4] are
much shorter than the instrument resolution, the width
of the transient signals is dominated by the (chirped)
VUV pulse length. By fitting the C2H+

4 peak with a
Gaussian, we get a FWHM of the raw signal of 157 fs.
Since the energy of two additional 810 nm photons is
needed in addition to the energy of the pump photon at
162 nm to ionize ethylene, we deconvolve the contribu-
tion of the 80 fs, 810 nm probe pulse assuming the signal
is proportional to the square of the 810 nm intensity to
get a 162 nm pulse length of 146± 10 fs.

Our results place constraints on the initial pulse length
and chirp of the fifth harmonic produced in our HHG
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Fig. 3. Ion yields for C2H+
4 and C2H+

2 vs. delay between
800 nm probe pulse and 162 nm pump generated with
Xe.

setup. Since perturbative nonlinear optics does not apply
when generating harmonics in the strong field regime,
we cannot simply estimate the pulse length at the gas
cell as the fundamental pulse length divided by

√
5 [11].

Thus equation 2 contains two unknowns, the pulse length
before the window τ0, and the initial chirp parameter β.
We find the shortest initial τ0 potentially consistent with
our data is 16 fs. Assuming the largest possible τ0 = 35
fs yields an intrinsic chirp parameter β = −3.1 × 1027

rad/s2.
Several groups have shown that atomic dipole phase

of high harmonics depends sensitively on the intensity
and chirp of the fundamental pulse, and that optics with
positive dispersion can be used for compression [12–14].
Here, we have also shown that dispersion can also be
used as a simple way to separate harmonics for use in ex-
periments. The technique is easy to implement in many
existing systems. For example, temporally seperating the
low orders in one arm of a split beam interferometer of
the type described in [15], [16] can be used to conduct
VUV pump/EUV probe experiments without building a
separate beamline to generate each.

This work was supported by the US Dept. of Energy
Office of Basic Energy Sciences, under contracts #DE-
AC02-05CH1123 and #DE-FG52-06NA26212.
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